material was stable for at least 3 months at 4 C.
Bacteriocins are specialized, high-molecularweight antibiotics with specificity generally restricted to closely related strains and species. The activity spectra of bacteriocins of phytopathogenic pseudomonads have been reported by several workers (8, 10, 16, 24) . This report deals with the production, purification, and properties of syringacin 4-A, a bacteriocin produced by Pseudomonas syrinagae 4-A. This bacteriocin is one of a group with similar inhibitory spectra (24) . Portions of these results were published in abstract (Vidaver and Haag, Abstr. 2nd Int. Cong. Plant Pathol., no. 0186, 1973).
MATERIALS AND METHODS
Bacterial strains. The syringacin-producing strain of P. syrinagae (PS4-A) and the indicator strain P. phaseolicola (R2Id) were described by Vidaver et al. (24) . Cultures were maintained as previously described (24) .
Bacteriocin assay. Syringacin 4-A was assayed routinely by a spot assay of fivefold serial dilutions in a nutrient broth-yeast extract medium (NBY [23] ) onto NBY agar plates seeded with about 2 x 107 colony-forming units of log-phase indicator strain in ' Paper no. 3762, Journal Series, Nebraska Agricultural Experiment Station.
2.5 ml of soft (0.7%) NBY agar. Plates were incubated for 18 to 24 h at 24 to 26 C. The reciprocal of the highest dilution giving a definite indication of inhibition was designated as the titer, expressed in arbitrary units (AU) per milliliter.
For more precise measurements of activity, syringacin was assayed by killing of the indicator strain to determine the number of lethal units (LU) per milliliter. Log-phase indicator cells (0.2 absorbancy at 640 nm [A.40] ) were diluted 1:10 with cold NBY. Then 0.1 ml of the cold test solution was added to 0.9 ml of indicator cells and kept on ice to minimize the effects of reversible adsorption (21) . After 1 h, a portion was removed and diluted, and 0.1 ml from each of the dilutions was spread over the surface of 1.5% NBY agar with a glass spreader. Surviving colonies were counted after 36 to 48 h at 24 to 26 C. The number of lethal units was calculated using the Poisson distribution, as described by Mayr-Harting et al. (17) .
Induction. Many chemicals used effectively in induction of lysogenic bacteria were tested at different concentrations as possible inducing agents to increase the quantity of syringacin. Only ultraviolet (UV) irradiation and mitomycin C resulted in substantial increases in titer.
For UV induction, cells were subcultured from an overnight culture in NBY to 10 cells were pelleted by centrifugation (8,000 x g for 10 min), resuspended in 0.85% sodium chloride, and subjected to UV irradiation for 80 to 100 s at 400 ergs per cm' per s. The cells were transferred to doublestrength NBY and incubated as before for an additional 4 to 5 h. The cultures were then stored overnight at 4 C and centrifuged to remove cell debris, and the supernatant fluid was shaken with chloroform (5%, vol/vol) before storage at 4 C.
Induction by mitomycin C was performed by adding dissolved mitomycin C (Sigma Chemical Co.) to a final concentration of 0.8 to 1.0 jig/ml. Incubation, storage, and chloroform treatment were the same as for UV-treated cells.
Mitomycin C induction became the method of choice for preparation of large-scale quantities of syringacin 4-A. For these preparations, 70 to 100 ml of a fresh overnight culture of PS4-A was added to 7 liters of NBY adjusted to pH 7.5 and containing 7 ml of Antifoam (Union Carbide, SAG 4130). Incubation in a 14-liter fermentor was continued at 26 C with aeration at 16 liters/min and stirring at 500 rpm. At an A.,,40 of 0.3 to 0.4, mitomycin C was added to give a final concentration of 0.8 tsg/ml, and incubation continued for an additional 4 h. The bacteriocin preparation was then stored overnight in 1-liter quantities at 4 C. Cell debris was removed by centrifugation, and the supernatant fluid was treated with chloroform and stored overnight at 4 C.
Purification. The cell-free bacteriocin preparation was decanted from the chloroform residue and centrifuged at 16 ,000 x g for 10 min. The supernatant fluid was adjusted to pH 7.5, and 5 ml of 1 M MnCl2 per liter was then added with rapid stirring. The pH was maintained at 7.5 with 1 N NaOH while a total of 30 ml of 1 The active fractions from the hydroxyapatite column were combined and centrifuged at 68,368 x g for 3 h in a Spinco no. 30 rotor. The pellet was resuspended in 6 ml of buffer A and chromatographed on hydroxyapatite as before. The active fractions were centrifuged as previously, and the pellet was resuspended in 4 ml of buffer A. This material was used to determine the degree of purity and for chemical analysis.
The purification scheme for syringacin 4-A is outlined in Fig. 1 .
Chemical determinations. Protein was determined by the biuret procedure of Itzhaki and Gill (12) , with bovine serum albumin as a standard.
Purified bacteriocin was dialyzed against distilled water and evaporated to constant dry weight, at room temperature, in a vacuum desiccator over P205. The resulting white powder was resuspended in sufficient distilled water to give a solution containing 1 mg/ml. Portions of this solution were used in the following chemical tests. Compositional values were corrected for the water added to each residue by hydrolysis.
With the exception of tryptophan, the amino acid composition and glucosamine were determined with a Beckman model 120C amino acid analyzer. A 2-mg sample was adjusted to 6 N in HCI; the hydrolysis tube containing the sample was flushed with nitrogen, evacuated, and sealed. Hydrolysis was carried out at 220 C for 24 h. 
HAAG AND VIDAVER
Tryptophan was determined by the spectrophotometric method of Goodwin and Morton (9) .
For carbohydrate analyses, samples of purified material (0.5 mg) were hydrolyzed in 2.5 N HCI for 2 h at 100 C. The samples were dried over P205 in a vacuum desiccator with a container of NaOH pellets. The residue was resuspended in about 0.1 ml of water, and approximately equal portions were spotted on three sheets of Whatman no. 1 paper. Known quantities of glucose, galacturonic acid, and arabinose were included as references. Solvent systems, spot location reagents, and Rglucose (Rg) values were used as described by Smith (22) . Chromatograms were run in three solvent systems (2-propanol- to a height of 15 to 18 cm. The sugars were detected by spraying with aniline-diphenylamine reagent (22) .
Quantative determinations of the carbohydrates were carried out as described by Dische (7), except that the sulfuric acid reagents used in the anthrone and carbazole tests were precooled in an ice bath (1) .
Carbazole was used to determine the galacturonic acid and arabinose content by recording the absorbance at 530 nm before and after the addition of water (7).
The Bial orcinol test (7) was used for the determination of arabinose; samples were heated 45 min and read at 670 nm.
Glucose, arabinose, and galacturonic acid at 0.2-and 0.4-mg levels were used as standards in each test.
For the determination of possible nucleic acid bases, 1.0 mg of purified bacteriocin was acid-hydrolyzed, as before, and spotted on Whatman no. 1 paper along with a separate spot for an adenine marker. The solvent system was methanol-90% formic acid-water (16:3:1, vol/vol/vol), followed by visual inspection under short-wave UV and treatment with silver nitrate-bromophenol blue location reagent (22) .
Physical determinations. Cesium chloride equilibrium density gradient centrifugation was carried out by centrifuging purified bacteriocin for 15 h in a Spinco Ti5O rotor at 105,536 x g and 20 C. A 0.25-ml sample containing approximately 2 x 1011 LU was mixed with the CsCl solution to give an initial density of 1.322 g/ml. At the completion of the run, approximately 0.17-ml fractions were collected from the bottom of punctured tubes. The density of each fraction was measured by weighing a known volume (0.025 ml), and the activity of each fraction was determined by titering.
The sedimentation coefficient was determined by linear-log sucrose gradient centrifugation as described by Brakke and Van Pelt (2), except that the buffer used was 0.5 M potassium phosphate, pH 7.5. Samples of 0.34 mg were run in a Spinco SW41 rotor at 164,992 x g and 20 C for 1.25 and 2.5 h. Markers of southern bean mosaic virus and brome mosaic virus were included in companion tubes.
A solution containing 6.85 mg of purified syringacin 4-A per ml, in buffer A, was analyzed in the analytical ultracentrifuge using a 12-mm standard cell in the AN-D rotor of a Spinco model E. The speed was 20,000 rpm at 26 C. Photographs were taken at 8-min intervals, with schlieren optics, after a speed of 15,000 rpm was attained. Brome mosaic and southern bean mosaic virus standards were also run as described.
The diffusion coefficient was calculated from the schlieren pattern obtained in the sedimentation analysis in the ultracentrifuge. The data were treated as described by Schumaker (20) , with concentration being measured in refractive index units.
The (vol/vol) . Chloroform and ether were tested in saturated solutions.
All organic agents were tested at room temperature except acetone, which was tested at 0 C.
Heat stability of the purified material was tested by heating samples at 50 C for different intervals of time up to 30 min. The titer was determined at intervals.
RESULTS
Production of syringacin 4-A. P. syringae 4-A produced increased quantities of bacteriocin when subjected to UV irradiation or mitomycin C. Since mitomycin was superior for production (Table 1) , it was used in all further experiments.
In both UV-and mitomycin C-treated preparations, phase microscopy indicated that induced cells became elongated and chains of cells began to appear within the first hour after induction. During the first 2 h, the percentage of elongated cells increased along with the A640 (Fig. 2) . The number of viable cells decreased as bacteriocin production increased (Fig. 2) . Between the second and third hours, the number of elongated cells reached a maximum, about 50% for UV-induced cells and nearly 100% for mitomycin C-induced cells. Increased dosages of UV did not increase bacteriocin production. The decrease in absorbance at about the third hour (Fig. 2) If the bacteriocin is pure, the molecular weights calculated from biological activity and physical measurements should agree. The biological activity was 3.5 x 1016 LU/g (Table 3 ), corresponding to a particle weight of 1.7 x 107. Physical measurements (see Table 6 ) give a molecular weight of 1.6 x 107. Therefore, the bacteriocin preparation appears pure.
Chemical analysis. The chemical composition of syringacin 4-A is shown in Table 4 . No nucleic acid was detected. The amino acid composition of the protein is shown in Table 5 . The acidic amino acids, aspartic (12.2%) and glutamic acid (12.7%), and the neutral amino acid leucine (12.1%) predominated.
In initial paper chromatography with isopropanol-water, one strong brown spot with an Rg of 113 and a faint, yellow-green spot with an Rg of 18 were detected with aniline-diphenylamine reagent. These were tentatively identified as arabinose and galacturonic acid, which Smith (21) Fractions of 10 ml were collected and assayed for syringacin activity (A), and the absorbance was determined (0). Tubes 5 to 9 were pooled, yielding 1.4 x 1014 LU, a 73% recoverv of the total activity applied. Table  6 .
Purified syringacin 4-A was homogeneous and had a buoyant density of 1.294 g/ml (23 C) in cesium chloride. A single, homogeneous peak was also obtained in linear-log sucrose gradients and in the analytical ultracentrifuge (Fig. 4) . From the sucrose gradient a sedimentation coefficient, s20, of 120 was calculated, whereas the analytical centrifuge gave a value of 121s26,.
Data from the analytical centrifugation were also used in determining the diffusion coefficient, which was calculated as 6.49 x 10-8 cm'/s.
A partial specific volume of 0.71 ml/g was calculated from the compositional data with Schachman's (19) method. The partial specific volume of the carbohydrates was assumed to be 0.62 mg/g (25) .
A molecular weight of 1.6 x 107 was calculated from the partial specific volume, sedimentation coefficient and diffusion coefficient with the Svedberg equation.
The UV spectrum of purified syringacin 4-A (Fig. 5 ) was typical for a protein, exhibiting a maximum absorbance at 276 nm and a 280/260 ratio of 1.149.
Stability of syringacin activity. Syringacin 4-A was stable in a pH range of 5 to 8. Complete and irreversible loss of activity was noted when the pH was less than 5 or above 9, with some loss at 9.
Purified syringacin was inactivated by heating at 50 C for 30 min; 10 min at this temperature resulted in about 25% loss in activity.
Concentrations of methanol, ethanol, 1-propanol, and 1-butanol higher than 10% (vol/vol) caused complete and irreversible loss of activity. Concentrations of cold acetone up to 50% (vol/vol) and chloroform or ether at saturation levels had no effect on activity.
None of the enzymes tested (see Materials and Methods) had any effect on the activity of cell-free material. The proteolytic enzymes Pronase and protease, under the same condi- tions, also had no effect on purified syringacin. (3) .
The amino acid composition of the protein moiety of syringacin 4-A is similar to that of the protein of a number of viruses (15) and the bacteriocins of P. aeruginosa (14, 18) , Lactobacillus fermenti (6), Staphylococcus epidermidis (13) , and Escherichia coli (11) in containing large amounts of the acidic amino acids aspartic and glutamic. However, the leucine content (12.7%) of syringacin 4-A is higher than for any of these entities.
The carbohydrate moiety of the syringacin is unusual in that arabinose, galacturonic acid, and glucosamine were present. The values for arabinose and galacturonic acid may be high since the quantitative tests were made on complete syringacin, which contains protein. Proteins, especially those containing sulfhydryl groups and tryptophan, have been reported to interfere with the carbazole method of carbohydrate determination, giving slightly elevated values (1) . Since the amounts of half cystine and tryptophan were very low in the bacteriocin, their effects were discounted, particularly since the values of arabinose, as determined by the carbazole and Bial orcinol tests (8.5% and 8.6%, respectively) were so similar. The larger value of arabinose (11.9%) as determined with anthrone is significantly higher than either of the other values. However, glutamic acid and tryptophan reportedly interfere with carbohydrate determinations by the anthrone method (1). The high value of arabinose by the anthrone test may thus be due to the large amount of glutamic acid (12.7%) in syringacin 4-A.
The low-molecular-weight bacteriocins of L. fermenti (6) and S. epidermidis (13) contain about the same percentage of glucosamine, but the other sugars are different from those of syringacin 4-A. Both of these bacteriocins also contain about 20% lipid and protein. Among the large bacteriocins resembling phage components, no sugars have so far been reported. However, analysis of a glycoprotein of the phage PM2 (4) indicated the presence of a hexoseamine identified as mannoseamine or glucosamine.
